The use of supercontinuum light sources in different optical measurement methods, like microscopy or optical coherence tomography, has increased significantly compared to classical wideband light sources. The development of various optical measurement techniques benefits from the high brightness and bandwidth, as well as the spatial coherence of these sources. For some applications, only a portion of the broad spectral range can be used. Therefore, an increase of the spectral power density in limited spectral regions would provide a clear advantage over spectral filtering. This study describes a method to increase the spectral power density of supercontinuum sources by amplifying the excitation wavelength inside a nonlinear photonic crystal fiber (PCF). An ytterbium doped photonic crystal fiber was manufactured by a nanopowder process (drawn by the company fiberware) and used in a fiber amplifier setup as the nonlinear fiber medium. In order to characterize the fiber's optimum operational characteristics, group-velocity dispersion (GVD) measurements were performed on the fiber during the amplification process. For this purpose, a notch-pass mirror was used to launch the radiation of a stabilized laser diode at 976 nm into the fiber sample for pumping. The performance of the fiber was compared with a conventional PCF. Finally, the system as a whole was characterized in reference to common solid state-laser-based photonic supercontinuum light sources. An improvement of the power density up to 7.2 times was observed between 1100 nm to 1380 nm wavelengths.
INTRODUCTION
New technologies in the field of optical metrology, microscopy and optical coherence tomography expand the requirements for high power white light sources [1, 2] . The power spectral density, spatial coherence, spectral width, spectral distribution and stability are the most important parameter for many applications in the field of optical metrology [3] . A light distribution with a high spectral width, spectral power density and spatial coherence is hereinafter referred to here as supercontinuum (SC) [4] . Coherent octave-spanning SC can be generated in photonic crystal fibers (PCFs) by launching short pulses with a wavelength located near the zero-dispersion wavelength of the PCF into the fiber [5] . Fiber based supercontinuum light sources currently allow the highest power densities with single mode fiber output (spectral power density over 1 mW/nm [6] ) and have become indispensable in many areas of optical technologies and instrumentation like optical coherence tomography [7] . Enhancement of the bandwidth of supercontinuum generated in microstructured fibers has been demonstrated with different techniques [8, 9, 10] . For most applications, only a small part of the entire spectrum can be utilized [11] .
* tobias.baselt@fh-zwickau.de; phone +49 375 536 1970; Fax +49 375 536 1503 www.fh-zwickau.de Techniques for spectral filtering which simultaneously enables an increase in the power spectral density, offer a clear advantage compared to conventional spectral filtering techniques. Furthermore, the damage threshold value limits the maximum pulse energy which can be coupled into the PCF [12] . Amplifying the input signal inside a doped PCF can be an approach to solving the problem. Master Oscillator Power Amplifier (MOPA) fiber systems are a convenient way to amplify a seed signal [13] . It is known that Ytterbium doped fiber amplifiers enable amplification in a wide spectral range between 1000 nm and 1150 nm [14] . These doped optical fibers could be fabricated in the past using a state-ofthe-art production method called modified chemical vapor deposition (MCVD) with an excellent degree of purity [15] . If the purity of the core material is not of central importance, also a nanopowder method can be utilized permitting a great geometric flexibility in the fiber design [16] . Ytterbium-doped aluminum co-doped silica glass fibers produced by these sol-gel or nanopowder technique show tunable emission from 1033 nm to 1108 nm [17] . In addition, these techniques have been also successfully employed in the production of microstructured fibers [18] . Information about the groupvelocity dispersion (GVD) is important to evaluate the non-linear properties of the fiber. To determine the dispersion in doped fibers under optical pumping, the well suited time-frequency-domain dispersion measurement method [19] was combined with a pump laser setup.
In this study, a method to increase the spectral power density of supercontinuum sources by amplifying the excitation wavelength inside a nonlinear photonic crystal fiber is demostrated. The ytterbium doped photonic crystal fiber manufactured by a nanopowder process was used in a fiber amplifier setup as the nonlinear fiber medium. The fiber's optimum operational characteristics are determined during the amplification process. Finally, the performance of the fiber is compared with a conventional PCF.
EXPERIMENTAL ARRANGEMENT AND SETUP
The fiber amplifier described here consists of an ytterbium doped photonic crystal fiber. A fiber preform design, realized by a nanopowder process (drawn by the company fiberware) was applied. The fiber was core pumped by a single mode diode laser (BL976-PAG700 / THORLABS) at 976 nm and pump power of up to 735 mW. The microchip seed laser (1064-Q / Impex-hightech) has a peak power of 11 kW at a pulse length of 2.1 ns and a repetition rate of 12.5 kHz.
The pump was free space coupled in the Yb³+ doped PCF by a notch mirror (980 nm, OD4 Notch Filter, Edmund Optics) (Fig. 1a) . The spectral power densities were carried out using two calibrated spectrometers (AvaSpec-ULS3648 and AvaSpec-NIR256-1.7 from Avantes). The fibers were calibrated immediately before the measurement by means of a reference light source.
In order to characterize the guiding properties and the zero-dispersion wavelength (λ0) of the optical fiber during operation, the group delay is measured. The used time-frequency domain interferometer set up for the group delay measurements is shown in Fig. 1b .
The light of a fiber-coupled supercontinuum light source, developed and manufactured in cooperation with fiberware GmbH, is fed into the Mach-Zehnder interferometer. The supercontinuum light source is pumped by a microchip laser which produces ns-pulses at a wavelength of 1064 nm. The interferometric setup has an implemented controllable delay line to investigate the time delay of the probe in order to find the equalization wavelength [20] . A micro positioning unit MT1/M-Z8 (from Thorlabs) which possesses a spatial resolution of 0.5 µm was used, allowing time resolutions on femtosecond timescales. A laser diode was launched at an angle of 20° into the test fiber by a notch filter which is used as a dichroic mirror (980 nm, OD4 Notch Filter, Edmund Optics) and operates stabilized at 976 nm with up to 700 mW of optical power. The poor transmission of the notch mirror in the wavelength range below 700 nm requires a power readjustment of the reference branch during measurement. Measurements both with and without pump laser radiation are possible in this setup.
The doping concentration of Yb 3+ was determined by the manufacturing process. The overall concentration in the doped core was 0.5 mol/% Yb 2 O 3 and 2 mol/%Al 2 O 3 . Segregations in the doped core area and a technology-related symmetrical inhomogeneous material distribution were observed (Fig. 2a) .To characterize the structural parameters, high resolution images of the fiber were taken using a scanning electron microscope as shown in Fig. 2b . The most relevant geometrical parameter of the fiber are listed in Table 1 .
After the drawing process no segregations or symmetrical inhomogeneous material distribution were observed. 
RESULTS AND DISCUSSION
To evaluate the setup described before, the group-velocity dispersion of the Yb 3+ doped PCF endlessly was investigated. The group delay of the fiber was measured with and without pump radiation at 976 nm wavelength. The laser radiation during the measurement leads only to a very small shift of the group delay (see Fig. 3 ). The wavelength dependence is flat around 1 µm and it did not alter the dispersion coefficient around 1060 nm. A shift of zero-dispersion wavelength between both measurements was not observed. The detected zero-dispersion wavelength of 1030 ± 3 nm was close to the seed laser wavelength of 1064 nm. The investigated group delay τ(λ) in Fig. 3 was fitted using the Sellmeier polynomial (R² = 0.998). Also the calculated GVD is shown. The Sellmeier coefficients are A 1 = 3.74·10 7 ± 2.3·10 6 , A 2 = -71.7 ± 0.7 and A 3 = 4·10 -5 ± 4·10 -7 . The spectral power density was measured for different levels of pump power (up to 735 mW). The Yb 3+ doping of the fiber leads to high absorption without pumping between 900 nm to 1000 nm and only poor spectral power density in the visible spectrum (below 0.1µW/nm) as shown in Fig. 4 . The spectral power density in the near infrared (1030 nm to 1370 nm) without pumping, is comparable to similar PCFs without Yb 3+ doping and appropriate seed pulse parameter [21] . The nanopowder technology and the occurring high OH contamination leads to a strong absorption at 1385 nm [18] . The results reported here demonstrate that the fiber offers the possibility to increase the spectral power density in the near infrared region. Between 1100 nm to 1370 nm, the power spectral density increases by pumping at 976 nm by a factor of up to 7.2 (at 1365 nm) and averaged 4.3 times. In the wavelength region between 1100 nm to 1370 nm, the shape of the spectrum can be significantly flattened from 7.8 dB variation without pumping to 2.9 dB variation at maximum pump power.
CONCLUSIONS
This report demonstrates the possibility to increase the spectral power density of supercontinuum sources by amplifying the excitation wavelength inside Yb 3+ doped nonlinear photonic crystal fiber. A conventional microchip seed laser was coupled to a photonic crystal fiber and wide supercontinuum spectra were generated. The photonic crystal fiber used for this purpose was characterized. The fiber was core pumped by a single mode diode laser at 976 nm and the pump power was varied from 0 up to 735 mW. An increase in power spectral density of up to 7.2x and a 4.9 dB flattening of the spectral distribution in the wavelength range from 1100 nm to 1370 nm was observed. Proc. of SPIE Vol. 9731 97310L-5
